Summary A neuropeptide Phe-Met-Arg-Phe-N112 (FMRFamide) induces K+-dependent outward current in Aplysia neurons. Intracellular application of islet activating protein (TAP) irreversibly and selectively blocked this outward current without affecting resting membrane conductance. An injection of GTPyS, a nonhydrolyzable analogue of guanosine triphosphate (GTP), caused very slow irreversible increase in K+-conductance of the resting membrane. However, repetitive applications of FMRFamide significantly expedited the effect of GTPyS. These results strongly suggest that K+-channel opening induced by FMRFamide is regulated by an TAP-sensitive GTP-binding protein.
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K. SASAKI et al. neuropeptide Phe-Met-Arg-Phe-NH2 (FMRFamide) was also regulated by IAPsensitive GTP-binding protein as previously predicted (SASAKI and SATO, 1987) . The abdominal ganglion of Aplysia kurodai was fixed in a perfusion chamber, and cells were continuously perfused with modified sea water (SATO et al., 1968) having the following ionic composition: 587 mM NaCI, 12 mM KCI, 14 mM CaClz, 22 mM MgClz, and 29 mM MgSO4. The pH was adjusted to 7.4 by tris-(hydroxymethyl)aminomethane (Tris) and HCI. The effective perfusing volume of the chamber was 0.2 ml. Using conventional two-microelectrode method, the cells were either current-clamped or voltage-clamped using a DAGAN 8500 Clamp Unit. The current clamp method was used mainly for qualitative estimations while the voltage clamp method was used for quantitative measurements. In the voltage clamp method, all resting membranes were held at -55 mV. The slope conductance of the membrane was continuously monitored by feeding repetitive (0.2 Hz) hyperpolarizing pulses (700 ms, 3-5 mV) to the voltage commander. IAP was purchased from Kaken Pharmaceutical Co. GTPyS (a nonhydrolyzable analogue of GTP), from Boehringer Mannheim Co., FMRFamide, from Peptide Institute, and other chemicals, from Sigma Co. TAP was dissolved in a solution including 200 mM KC1,10 mM dithiothreitol (DTT), and 10 mM NAD + . DTT was used to promote the dissociation of A protomer from B subunit (KATADA et al., 1983) . The tips of the microelectrodes were filled with an IAP solution of 5 mg/ml, and IAP was injected intracellularly by a pressure pulse of 2-3 kg/cm2 with a duration of 200-300 ms. Intracellular concentration of IAP was roughly estimated to be 2-5 µg/l from the ratio of the droplet volume ejected from the electrode to the volume of the cell under study. GTPyS was dissolved in distilled water to make a concentration of 10 mM and applied intracellularly by a pressure pulse as described above. Intracellular concentration of GTPyS was estimated to be in the range of 10 to 25IIM. FMRFamide, ACh, and GABA were dissolved in the modified sea water and applied to the cells by perfusion at a flow rate of 5 ml/min. FMRFamide induces relatively slow hyperpolarizing responses in neurons of the R~ group. These responses are always associated with an increase in slope conductance of the resting membrane (Fig. IA) . The current response of the same cell to the same FMRFamide is shown in Fig. l B. This outward current was reversed to an inward current when the resting membrane was hyperpolarized. The reversal potential, thus determined in the normal external K+ media, was nearly -90 mV . When the external concentration of K + was increased 3-times normal, the reversal potential of the same cell shifted to -64 mV (Fig. 1C) . This shift was in very good agreement with the shift predicted from the Nernst equation, assuming that FMRFamide increases the permeability of the resting membrane toward K+, exclusively. In fact, the reversal potential determined in the normal concentration of K + corresponded fairly well with the equilibrium potential of K +, which was determined previously by GRUOL and WEINREICH (1979) . Thus, this type of FMRFamide-induced response is confirmed to be due to a permeability increase toward K+ as previously reported in both Helix (COTTRELL, 1982; COTTRELL et al., 1984) and Aplysia (STONE and MAYERI, 1981; RUBEN et al., 1986) neurons. Intracellular injection of IAP caused no observable change in either the resting membrane potential or conductance, at least over a period of 1 h after injection. No effect of IAP was observed on the GABA-induced Cl--dependent or ACh-induced Nat-dependent response. In contrast, the FMRFamide-induced outward current was gradually depressed to approximately 20% of the control within 40 min after an injection of IAP (see Fig. 2 ). Intracellular concentration of IAP was estimated to be 2-5 jig/l. The depressing effect seemed to be irreversible since no recovery was observed even after 3-h washing with normal perfusing solution. The control experiment using an injection of IAP-solvent alone showed no effect on the response for a period of up to 3 h. A similar blocking effect of IAP was confirmed with 21 cells with the receptor of FMRFamide of the same type. These results demonstrated that blocking action of IAP was very specific to the opening of K+-channels coupled with FMRFamide receptor. IAP is known to ADP-ribosylate the specific GTP-binding proteins such as G; or Go in the presence of NAD+ (NEER et al., 1984; STERNWEIS and ROBISHAW, 1984) . It has been considered that the ribosylation of Gi causes uncoupling of the connection between the receptor and G; (ASANO et al., 1984; COTE et al., 1984) . The depressing effect of IAP on the opening of K +-channels observed in this experiment is probably due to the uncoupling of the GTPbinding protein from the FMRFamide receptor.
Intracellular application of GTPyS caused a gradual, irreversible hyperpolarization associated with a significant increase in membrane conductance. This effect is shown in Fig. 3A , although the data were obtained under the voltage clamp. The time course of this change was extremely slow. However, it was significantly speeded up by frequent applications of FMRFamide (Fig. 3B ). In the presence of GTPyS, the falling phase of the FMRFamide-induced response did not return to the original resting level by washing (see Fig. 3B ). The elevation of the baseline after each application of FMRFamide seemed to be the apparent cause for speeding up the appearance of the GTPyS effect described above. The amplitude of the current response as well as the conductance response gradually decreased each time when examined repetitively during the application of GTPyS. Ultimately, the complete block of the response was seen at 70 min. Similar results were obtained from 6 cells having this type of receptor. This block of response resembled a receptor desensitization caused by repetitive applications of the peptide with a short interval. However, it never occurred in the absence of GTPyS (Fig. 3C) . These results suggested that the receptor activation promotes guanosine diphosphate (GDP)-GTPyS exchange at the GTP-binding site of the protein (SUNYER et al., 1984) , thus speeding the effects of GTPyS on the resting membrane as stated above, and that irreversible binding of GTPyS to the binding site probably maintained the open state of the K+-channel, and possibly reduced the affinity of the receptor for FMRFamide binding as suggested by RoSENBERGER et al. (1980) . Thus, the complete block of the response would be seen after repetitive applications of FMRFamide in the presence of GTPyS. It is highly possible that the FMRFamide-induced response, namely, an increase in K+-conductance, was produced by a GTP-dependent activation of a mediator such as G, or another TAP substrate (NEER et al., 1984; STERNWEIS and ROBISHAW, 1984) after binding of this peptide to the receptor.
There is accumulating evidence that an TAP-sensitive GTP-binding protein commonly regulates the opening of K+-channels coupled with various receptors: muscarinic receptors in the atrial muscle (BREITWIESER and SZABO 1985; PFAFFINGER et al.,1985; SOROTA et a!., 1985) , adenosine-receptors in the atrial muscle (KURACHI, et al., 1986) , a2-and opiate-receptors in the Locus coeruleus neurons (AGHAJANIAN and WANG, 1986) , serotonin-and GABAB-receptors in the hippocampal neurons (ANDRADE et a!., 1986), adenosine-receptors in the striatal neurons (LAURENCE and MEYER, 1986) , and ACh-, DA-, and HA-receptors in the molluscan neurons (SAsAKI and SATO, 1987) . Some of them suggested that the receptor-induced openings of K+-channels are not results of the change in intracellular concentration of cyclic AMP (adenosine 3', 5'-monophosphate) ; however, further investigation is needed to prove this in view of the K+-channel opening observed in this experiment.
